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8 .  

, 

The attached paper lists most of the design philosophy 

A t  this writ ing evolved ir.  the construction of the device.  

no dec i s ion  has y e t  been renched on a source for the be l lo t~s  

but all other material is  either on hand o r  on order. Fabri- 

c a t i o n  is  beginning vith t e s t i n g  expected to commence i n  late  

June if the bellows can be secured i n  t i m e .  

F. 0. Smetana 
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I .  

Design ;;l-rilosophy and d e t a i l s  f o r  construction 

of a ,as 2101: meter which t r i l l  measure Slow rates of 

loo4 to gn/sec. are presented. 



A Very Low Flow r2ate G a s  Flow bieter 

I. Introduction 

; T i  th the advent 02 t he  space age, it has become neces- 

sary  t o  inves t iga te  and t o  measure very loti Gas ;'lot7 ra te .  The 

study of these flow r a t e s  arises i n  e s t ab l i sh ing  lea:: r a t e s  

and i n  the design and development 02 very low t l i rust  nozzles 

which a re  used i n  control.  For a thorough inves t iga t ion  t o  

be made, it is necessary t o  have some method of measuring ilot! 

r a t e s  of 10-4 t o  10-6 grams/sec. 

Preferably the flow meter should operate  a t  atmospheric 

pressure,  because the propert ies  of gases a t  this pressure a r e  

more readi ly  determined. For accurate r e s u l t s  a maximum e r r o r  

05 1% can be to le ra ted .  

cataiogues was made t o  f i n d  e:risting flow meters which m e t  

these requirements. 

A thorough survey of l i t e r a t u r e  and 

A flow meter employing a very t h i n  o r i f i c e  w i l l  measure 

C ~ O W  r a t e s  on the order  of  10'2gm./sec. w i t h  an  e r r o r  of 1 t o  

2%.*l Modifications of this type meter t o  meet the desired 

spec i f i ca t ions  a r e  d i f f i c u l t ,  because the pressure gradient  

across  the o r i f i c e  i s  not s i g n i f i c a n t  enough t o  measure accu- 

r a t e ly .  To modify an o r i f i c e  flo\r meter would zequire either 

reducing the volume 2 1 0 ~  rate of decreasinr; the density of the 

gas. E o t h  methods or' modificsrtion decrease the pressure 

gradient  s ign iz i can t ly ,  

The next flow meter considered vas a type which employes 

r o t a t i n g  blades mounted in the €1011 stream (turbine type) .  

This type of  meter measures flotv r a t e s  on the order of 
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10°2gm./sec. and larger w i t h  a reso lu t ion  of l % . a l  To employ 

this type of meter t o  this oh-erwtion would requi re  the Zorce 

exerted by the flow t o  be large enough t o  overcome the fric- 

t i o n  of the spindle  and also t u rn  the blades a t  a speed which 

woui r i  give accurate readings. Tie most e E F i i c a b i e  F i o w  meter 

of t h i s  type would barely r o t a t e  i n  a flow rate of 10'Ggm./sec., 

and this would introduce appreciable errors i n  reading. 

Ano^&er meter considered employs reciprocat ing bellows 

which a r e  f i l l e d  and emptied a l t e r n a t e l y ,  and the r a t e  a t  which 

they operate determines the r a t e  a t  which the mass e n t e r s  the 

meterO2 

b u t  it is of simFle construct ion and was given much considera- 

t i on .  Application o€ t h i s  type meter i n  this problem involved 

using much smaller bellows and much more s e n s i t i v e  r e l ease  

valves. The use of smaller bellotrs would increase the recip- 

rocating rate of the system, which should g ive  better resolu- 

tion by increasing the counts F e r  u n i t  t i m e .  A system oe 

valves is employed t o  allow the mass of -Jas to escape the 

bellows when a given pressure is attained. This valve system 

also switches the inflow of gas t o  the other bellows which 

f i l ls  while the first orle is emFtying. 

valve system, it was decided tha t  t o  apply this complex system 

t o  a very small  pressure d i f f e r e n t i a l  would requi re  redesigning 

the. e n t i r e  valve system; t h i s  w a s  too comFlex t o  consider w i t h  

ava i l ab le  resources . 

This type of meter is used t o  measure large flow rates, 

A f t e r  examining the 

The l a s t  flow meter invest igated employes a f a l l i n g  p is ton  

which displaces a given volume of gas. To d i sp lace  a volume 



of gas a t  a rate which would give a mass f l o w  rate of 

10-6gm./sec. would require  the p is ton  to  move a t  a very sloti 

s,eed; a t  this s2eed a l l  s i g n i f i c a n t  reso lu t ion  is lost .  From 

a survey of catalogues and l i t e r a t u r e  it was concluded that  no 

ex i s t ing  =ass tiow meter m e t  the spec i f ica t ions .  

11. &scri;:kion of O2eration 

A new f l o t ~  meter has been des igned  which w i l l  measure flow 

rates on the order of 

is established by a mechanical leak valve which allows the gas 

t o  leak from a constant  pressure source i n t o  an  evacuated 

system. I f  the flow is choked and the pressure is constant ,  

the flow rate w i l l  remain constant. 

is replaced by a pis ton which acts a s  a var iab le  volume element. 

The pis ton  is driven by a micrometer screw. 

is varied so t h a t  the pressure remains constant  as determined 

by a d i f f e ren t i a l  pressure gauge. This pressure gauge runs a 

servo mechanism w h i c h  drives the micrometer screw. The con- 

s t a n t  pressure,  a t  which the Elow meter operates, is determined 

by the s re s su re  maintained i n  a reference tank attached t o  the 

d i f f e r e n t i a l  pressure gauge. 

i ca l  manometer open t o  the atmosphere. 

s u r e  and the valve, a vide range of flow rates can be obtained. 

t o  10°6gm./sec. The gas f l o o r  rate 

The volume oE gas expelled 

The volume element 

This pressure is read on a mechan- 

By adjust ing the ?res- 

111. Design Analysis 

A. Variable Volume Element 

F i r s t  consideration was given t o  the variable volume 

element, because other :actors i n  the design depend on the 

type of element used. The constant  gressure chamber w i l l  n o t  
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be subjected t o  high teaperatures  or  la rge  pressure g rad ien t s  

across  the walls; therefore ,  a jlnss tube is employed. The 

diameter of the glass tube is la rge ly  dependent on the resolu- 

t i o n  desired and the method used t o  obta in  it. The headscrew 

has 2 8  threads and t r i l l  t r a v e l  ,0357 i nches  p e r  revoiution. it 

vas 5irst planned t o  mount an ind ica to r  t o  the p is ton  rod which 

would read the l e n g t h  t raveled €or a given t i m e .  This method 

would measure 2 .05 inches and would be read on a s c a l e  by the 

operator. For cy l inder  diameters 02 1/2 inch and l a rge r  the 

reso lu t ion  obtained would not meet tha t  specif ied.  

It vas decided, therefore,  t o  mount a mechanical revolut ion 

counter t o  the d r ive  sha f t  of the motor, which is geared a t  a 

30:l rc t io  to the leadscrew. Turning a t  1300 r.p.m., the max- 

imum number of readable d i g i t s  t i i l l  be 130 per minute or appro:;- 

imately two d i g i t s  per second. Knotring that the landscrew 

travels . 0357 inches per revolution, each d i g i t  w i l l  represent  

.0119 i nches  of t r a v e l  by the piston.  For a m a x i m u m  mass flow 

rate of grams/sec. at s.t.p., the volume displaced per sec- 

ond must be 2.89 x Assuming tha t  an 

ose ra t ing  time of three minutes w i l l  allow enough time for the 

system t o  s t a b i l i z e  and give acceptable readings,  the t o t a l  
-4 q 3 volume displaced is 5.2 :: 10 r t  . Cylinder diameters ranging  

C r a m  1/2 inch t o  3 inches were considered. 

variable volume e lement  is composed of a constant  a rea  cy l inde r  

containing an ad jus tab le  pis ton,  and the measurements are based 

on the p i s ton  t r a v e l ;  it is e a s i l y  seen that the best reso lu t ion  

tii11 be obtained by using a s m a l l  diameter cyl inder .  

inch diameter cy l inder  wwas picked assuming that me problem of 

Gft3/sec. 2or a i r .  

Noting that the 

The 1/2 
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seal ing it t o  the pis ton could be solved. By employing the 

1/2 i nch  diameter cyl inder ,  the necessary t r a v e l  length fo r  a 

three minute run w i l l  be 4% inches.  

shaf t  of the motor t o  t u r n  a t  a maximum speed of 1300 r.p.m. 

The cyl inder  is  a 1/2 inch I.D.I precis ion bore, pyre:: g l a s s  

tube with tolerances of 1; ,0002 in .  The piston s i z e  and materi- 

a l  w i l l  be l a t e r  determined by considering the sea l ing  ~roblem.  

This vi11 require  the dr ive  

Bo F i l l  and Exhaust Valves 

The cyl inder  must be f i l l e d  a f t e r  each run by r e t r a c t i n g  

the pis ton and passing gas through a f i l l  valve. Also a leak 

valve must be provided t o  allow the gas t o  escape dur ing  opera- 

t i o n ,  and the pressure gauge must be connected t o  the cylinder.  

To solve t h i s  problem a connection with three o u t l e t s  was placed 

on the end of the g lass  tube. One o u t l e t  i s  connected to  the 

pressure gauge, and Hoke valves a re  attached t o  the remaining 

tvo ou t l e t s .  The f i l l  valve w i l l  remain closed dur ing  the oper- 

a t i n g  time. 

C. Sealing Problem. 

This problem mainly cons i s t s  of designing a device which 

w i l l  provide a near perfect seal  between the p is ton  and the 

cyl inder  wall .  It is very important that no gas be allowed t o  

leak from the cyl inder  because any small leal: would reduce the 

pressure i n  the chamber and thus  ind ica te  a l a r g e r  volume change 

by the p is ton  which is  maintaining constant  pressure. If the  

cy l inder  is operated below atmospheric pressures ,  the reverse 

is t rue.  The order 02 magnitude of the flotr r a t e  being meas- 

ured is small enough t h a t  a small leak vould appreciably de- 

c rease  the desired resolution. 



The mecury s e a l  was invest igated first because i k  provides 

a pe r fec t  s e a l  i n  most cases. To use t h i s  s e a l  mercury is 

placed between two disks which a re  then t i$ i tened  together  by 

a screw adjustment. The mercury expands t o  s e a l  the area. This 

ty2e of s e a l  would be al>plicable t o  this operation provided the 

chilmber was always operated a t  atmospheric pressure. I n  pre- 

vious appl icat ions of this sea l ,  a leak developed when a pressure 

gradient w a s  placed across the seal .  Since  it is  desired to 

operate the flow meter a t  various chamber pressures,  considera- 

t i o n  of a mercury sea l  was discarded. 

The O-ring type s e a l  i s  very e fgec t ive  i n  s ea l ing  con- 

t a i n e r s  of l iqu ids ,  and it also a l l o w  wide ranges of l i n e a r  

motion a s ,  i n  t h i s  case,  the p is ton  t r a v e l  l eng th  of 435 inches. 

It seemed feas ib l e  t o  employ two O-r ings  with a sea l ing  grease 

pack between them. If  the chzmber pressure is  not lowered 

enough t o  blow the grease by the O-rings,  this type of s e a l  

could be used. The main problem was the deposi ts  of grease 

left on the cyl inder  wall a f t e r  each run. 

the chamber t r a p  some gas by absorption and can also reduce 

the cross  s e c t i o n a l  area. 

Grease deposi ts  i n  

A new r o l l i n g  b e l l o w  s e a l  was invest igated,  but the 

manufacturer s t a t e d  t h a t  the diameter oE the  s e a l  needed t o  be 

three inches t o  provide an extension of 4.6 inches. The l a s t  

type of s e a l  considered and the type used i n  a b e l l o w  s e a l  

composed 02 many convolutions which allow extension and contrac- 

t ion.  This type 02 s e a l  is  attached t o  the g lass  tube and to 

the piston. This w i l l  allow no gas t o  escape t o  the atmosphere, 
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b u t  appreciable ges may pass by the p i s ton  unless the extended 

bellows completely fills the area or' the cyl inder ,  By inves t i -  

gat ing e x i s t i n g  bellows seals, it wzs Cound t h a t  the walls were 

too  thick and the diameter decreased upon extension. 'Elis 

problem vas assigned to  a group of graduate s tudents  and a 

unique design w a s  developed which w i l l  maintain a constant  

cross s e c t i o n a l  a rea  upon extension. Also  several manufacturers 

of bellows seals were given the spec i f i ca t ions  witn the hopes 

t h a t  they might be able t o  meet the requirements. A t  this time 

no seal has been produced and tested. 

To estimate the motor s i z e  required,  an e x i s t i n g  bellows 

of 1/2 in. diameter was used. 

required t o  extend this bellows 4% inches. 

a s a f e t y  factor of three t o  overcome € r i c t i o n  losses and to 

drive 'ihe mechanical counter, the m o  *or s i z e  tias determined to  

be 1/50 H.P. 

A force of seven pounds would be 

Using  this data and 

D. Pressure Gauge 

The d i f f e r e n t i a l  pressure gauge employed is model 30G-2 

manufactured by the Dec?cer Corporation. This i n s t rumen t  pro- 

vides a means for  inves t iga t ion  of gas pressure i n  the 1011 d i E -  

f e r e n t i a l  region, "The basic pressure meter cons i s t s  of a ca- 

p a c i t i v e  transducer w i t h  associated e l ec t ron ic s  and calibrated 

barometric capsule. 

small changes i n  capacitance caused by s m a l l  changes i n  pressure 

i n t o  large analogous output voltages. :%en the input  t o  the 

sensor  having the greatest pressure is on the r i g h t ,  the meter 

w i l l  produce a p o s i t i v e  voltage, 

This instrument is designed t o  convert  

A negative voltage is produced 
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when tile g rea t e s t  pressure is on the l ez t .  The ou tpu t  voltage 

is  2 10 vo l t s  D.C. fo r  a l l  standard pressure ranqes. The out- 

>u t  impedance is 200 ohms and the ou tpu t  cu r ren t  is  2.5 m i l l i -  

amps. This output cu r ren t  is t o  dr ive "&e servo-motor which 

w i l l  maintain constant pressure i n  the chamber. A reference 

tank is  connected t o  the r i g h t  s ide  of the  sensor which w i l l  

produce a pos i t ive  voltage and thus increase the sseed oC the 

motor when the chamber pressure f a l l s  below the pressure i n  

the reference tank. I f  the p is ton  overshoots before tlie sys- 

t e m  s t a b i l i z e s ,  the chamber pressure w i l l  be g rea t e r  than tlie 

pressure i n  the reference tan:; and the pressure meter w i l l  pro- 

duce a negative voltage which w i l l  reverse the motor. A mech- 

an ica l  manometer is  connected t o  the reference tank t o  determine 

the tank pressure. The tank pressure vi11 be the stagnation 

pressure i n  the chamber a f t e r  the system has become stable. 

E. D.C. Ampliifier and Power Su2ply 

The 2.5 milli-amp output cu r ren t  from the pressure gauge 

w i l l  be used t o  con t ro l  the servo-motor by cont ro l l ing  the arma- 

t u r e  current .  

power amplifier.  The problem was solved by des ign ing  a D.C. 

amplifier' and,. a power supply t o  dr ive  the mplifier. (See Fig. 2 ) .  

The amplif ier  t r i l l  produce 160 milli-amps at 115 v o l t s  D.C. 

The output cu r ren t  must be amplified by a D.C. 

F. Servo Mator 

The requirements placed on the motor are  the following: 

1/50 H.P., macimum speed of 1300 r.p.m., revers ib le  and var i -  

ab l e  speed, and w i l l  develop approcimately 10 i n .  02. of torque 

a t  1300 r,p.m. These requirements w e r e  based on the force 

needed to extend the bellows and dr ive the speed reducer and 
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. 
counter. Tlie nodel N S H -12 D.C. motor, manufactured by the 

Bodine Company, meets these requirements and w i l l  be cmpolyed 

i n  t h i s  operation. 

G. Speed Reducer 

A major problem deveioiJec3 fii rediicfng the speed ~f the 

dr ive  shaz t  from the motor t o  the dr ive of the piston. 

t i o n  of 30:l is  desired.  To obtain resolut ion of 1% every pos- 

sible e r r o r  must be minimized, and the speed reducer and coupl- 

i n g  devices are  appreciable sources of e r ro r .  The e r r o r  a r i s e s  

from the back lash introduced i n t o  the E y s t e m .  Backlash i n  

gears is  play between mating teeth and occurs when gears a re  

engaged. The smaller the desired backlash, the more accurate 

the matching of gears must be. To design and b u i l d  t h i s  speed 

reducer would require  percision instruments and expert crafts- 

manship; therefore ,  an invest igat ion was made t o  f i n d  an ex i s t -  

i n g  apparatus w h i c h  would give a speed reduction of 30:l and 

have m i n i m u m  backlash. The P. I.C. Design Corporation produces 

a precis ion servo gear box vhich has a backlash of 30 minutes. 

The backlash is  measured a t  t h e  output i:ith input  locked. The 

coupling problem was solved by employing a b e l l o w  coupling 

w i t h  no backlash. The coupling must cormect shafts of two 

d i f f e ren t  diameters; th i s  t y p e  of coupling device can a l so  be 

ordered from P.I.C. Resign Corporation. 

A reduc- 

H. Lesdscrew Assembly 

The method of dr iving the pis ton is t o  be a micrometer 

screw whicl-I w i l l  be used t o  measure the dis tance t raveled by 

the piston. The leadscrew assembly w i l l  c o n s i s t  of a threaded 

block t o  which the p is ton  rod w i l l  be attached. As the lead 
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screv turns ,  the blocl: advances and thus the > i s ton  moves down 

the cyl inder .  The length 02 kravel of the blocl: is t o  be 2ive 

inches. 

screw assembly and t r i l l  c u t  o f f  the motor when the blocl: reaches 

the end of the screw. 

factor t o  keep the motor from s t r i p p i n g  the  gears i f  the opera- 

to r  f a i l s  t o  c u t  off  the motor manually. 

IV. Conclusllon ’ 

Micro-switches are mounted a-L both ends of the l ead 

These switches a re  used aa a s a f e t y  

By knowing the pressure and temperature i n  the chanbcr, 

the dens i ty  of the gas may be determined. 

valume change for  a given t i m e  t o  the nenrest  -002 sq.in. and 

the densi ty ,  the mass f lov  rate may be determined with a reso- 

l u t i o n  of 1% 

this year. 

Measuring the t o t a l  

Tiiis is now being Eavricated for t e s t i n g  later 
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